Human embryonic germ cell derivatives express a
broad range of developmentally distinct markers
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Human pluripotent stem cells (hPSCs) have been derived from the
inner cell mass cells of blastocysts (embryonic stem cells) and
primordial germ cells of the developing gonadal ridge (embryonic
germ cells). Like their mouse counterparts, hPSCs can be main-
tained in culture in an undifferentiated state and, upon differen-
tiation, generate a wide variety of cell types. Embryoid body (EB)
formation is a requisite step in the process of in vitro differentia-
tion of these stem cells and has been used to derive neurons and
glia, vascular endothelium, hematopoietic cells, cardiomyocytes,
and glucose-responsive insulin-producing cells from mouse PSCs.
EBs generated from human embryonic germ cell cultures have also
been found to contain a wide variety of cell types, including neural
cells, vascular endothelium, muscle cells, and endodermal deriva-
tives. Here, we report the isolation and culture of cells from human
EBs as well as a characterization of their gene expression during
growth in several different culture environments. These hetero-
geneous cell cultures are capable of robust and long-term [>70
population doublings (PD)] proliferation in culture, have normal
karyotypes, and can be cryopreserved, clonally isolated, and stably
transfected. Cell cultures and clonal lines retain a broad pattern of
gene expression including simultaneous expression of markers
normally associated with cells of neural, vascular/hematopoietic,
muscle, and endoderm lineages. The growth and expression char-
acteristics of these EB-derived cells suggest that they are relatively
uncommitted precursor or progenitor cells. EB-derived cells may be
suited to studies of human cell differentiation and may play a role
in future transplantation therapies.

ouse pluripotent stem cells (mPSCs) have been derived

from the inner cell mass cells of blastocysts and from
primordial germ cells colonizing the developing gonadal ridge
and are referred to as embryonic stem (ES) cells and embryonic
germ (EG) cells, respectively. When mPSCs differentiate in vitro,
they form complex three-dimensional cell aggregates termed
embryoid bodies (EBs). Some early developmental processes are
recapitulated within the environment of an EB, resulting in a
haphazard collection of precursor and more fully differentiated
cells from a wide variety of lineages. Through this intermediate
step, mPSCs can generate cells of the hematopoietic lineage (1,
2), cardiomyocytes (3, 4), neurons (5) and glial precursors (6),
skeletal muscle (7), vascular endothelial cells (8), visceral
endoderm (9, 10), and glucose-responsive insulin-producing
cells (11).

When human EG cells differentiate, they also form EBs
composed of endodermal, ectodermal, and mesodermal deriv-
atives (12). Although a compelling demonstration of the poten-
tial of human EG cells, the limited growth characteristics of
differentiated cells within EBs and difficulties associated with
their isolation would make extensive experimental manipulation
difficult and limit their use in future cellular transplantation
therapies. We reasoned that precursor or progenitor cells of the
observed constituent cell types must have been present at some

point in EB formation, and if they could be isolated, these cells
may have desirable proliferation and expression characteristics.

Here, we describe cells isolated from human EBs that are
capable of long-term and robust proliferation in culture. Mixed
cell EB-derived (EBD) cultures and clonally isolated EBD cell
lines simultaneously express a wide array of mRNA and protein
markers that are normally associated with distinct developmen-
tal lineages. The proliferation and expression characteristics of
these cells suggest they may be useful in the study of human cell
differentiation and as a resource for cellular transplantation
therapies.

Materials and Methods

Pluripotent Stem Cell Culture, EB Formation, and Establishment of EBD
Cell Cultures. Human EG cultures LV (XX), SL (XY), LU2 (XY),
and SD (XX) were derived and cultured from 5-, 6-, 7-, and
11-week postfertilization primordial germ cells, respectively, as
described (12). EBs were formed in the presence of leukemia
inhibitory factor (1000 U/ml), basic fibroblast growth factor (2
ng/ml), forskolin (10 uM), and 15% FCS (HyClone). Approx-
imately 10 cystic EBs from each culture were dissociated by
digestion in 1 mg/ml Collagenase/Dispase (Roche Molecular
Biochemicals) for 30 min to 1 h at 37°C. Cells were then spun at
1,000 rpm for 5 min and then resuspended in various growth
media/matrix environments. RPMI growth media included
RPMI 1640 (LTI)/15% FCS/0.1 mM nonessential amino ac-
ids/2 mM L-glutamine/100 U/ml penicillin/100 pg/ml strepto-
mycin. EGM2MV media (Clonetics, San Diego) included 5%
FCS, hydrocortisone, human basic fibroblast growth factor,
human vascular epidermal growth factor, R(3)-insulin-like
growth factor I, ascorbic acid, human epidermal growth factor,
heparin, gentamycin, and amphotericin. Matrices were bovine
collagen I (Collaborative Biomedical Products, Bedford, MA; 10
pg/cm?), human extracellular matrix (Collaborative Biomedical
Products, 5 pg/cm?), and tissue culture plastic. Cells were
cultured at 37°C, 5% CO3, 95% humidity and routinely passaged
1:10 to 1:40 by using 0.025% Trypsin, 0.01% EDTA (Clonetics)
for 5 min at 37°C. Low serum cultures were treated with trypsin
inhibitor (Clonetics) and then spun down and resuspended in
growth media. Cell were cryopreserved in the presence of 50%
FCS, 10% DMSO in a controlled rate freezing vessel, and stored
in liquid nitrogen. Cells prepared for cytogenetic analysis were
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incubated in growth media with 0.1 ug/ml Colcemid/2.5 ug/ml
ethidium bromide for 3 h, trypsinized, resuspended in 0.075 M
KCl, incubated for 35 min at 37°C, and then fixed in 3:1
methanol/acetic acid. Cell proliferation assays were carried out
by plating 1 X 10* cells of EBD culture SD into 35-mm dishes
containing the growth environment in which they were derived.
Cells from three wells were grown until subconfluent and then
trypsinized, diluted 1:10, replated, grown, and counted. Stu-
dent’s ¢ tests (n = 3) were performed to assign significance.
Clonal lines were generated from EBD culture LV by low-
density plating in EGM2MV media on collagen I (LVEC)
followed by cloning cylinder isolation and expansion to >1 X 10°
cells. Cloning efficiency was determined by low density plating
of a total of 600 LVEC cells. Methylene Blue staining to identify
colonies was performed 10 days after plating. PD levels were
calculated as 3.32 (log cellsharvesiea — log cellSpiatea) and do not
include cell division during the initial phase of culture derivation.

Gene Transfer into EBD Cell Cultures. Stable transfection of human
EBD cultures was carried out by lipofection. Briefly, 1-5 ug of
a construct containing the neomycin phosphotransferase gene
flanked by the mouse phosphoglycerate kinase-1 was used to
transfect ~2 X 10° cells by using Lipofectamine plus lipid (LTT).
Stably transfected cells were selected by growth on collagen I in
EGM2MV media supplemented with 200-400 pg/ml G418 and
isolated by using cloning cylinders.

Retroviral transduction of culture LVEC was carried out by
using the MGIN vector and amphotropic viral envelope as
reported (13). This vector uses the retroviral long terminal
repeat to drive transcription of enhanced green fluorescence
protein (EGFP) and neomycin phosphotransferase coding re-
gions. Lentiviral transduction was carried out by using the
EF.GFP vector in which the human elongation factor la pro-
moter drives the transcription of EGFP in an HIV-1 based
self-inactivating lentiviral backbone. EF.GFP virus was pro-
duced by cotransfection of 293T cells with a packaging plasmid
expressing HIV-1 gag/pol, REV and TAT proteins, and a
plasmid expressing the VSV-G envelope. Viral titers were
determined by the number of GFP expressing 293T cells after
infection. For the EBD cell transduction, 1 X 10° LVEC cells
were infected with 1 X 10° transducing units of either retrovirus
or lentivirus in the presence of 8 ug/ml polybrene overnight for
two successive days. Transduced cells were analyzed for GFP
expression by using fluorescence-activated cell sorting analysis 6
days after plating and proliferation in the absence of drug
selection. Mock-infected cells were used to establish the level of
background fluorescence. Retrovirally transduced LVEC cells
were selected by growth in the presence of 400 pug/ml G418.

Immunocytochemistry and Telomerase Activity Assay. Approxi-
mately 1 X 103 cells were plated in each well of an 8-well glass
bottom chamber slide. Cells were fixed in either 4% parafor-
maldehyde in PBS or a 1:1 mixture of methanol/acetone for 10
min as recommended by the antibody manufacturer. Cells were
permeabilized in 0.1% Triton X-100, 1 X PBS for 10 min if
required, then blocked in Powerblock (BioGenex), 5% FBS, or
1-5% goat serum supplemented with 0.5% BSA for 10—60 min
as recommended by the antibody manufacturer. Primary anti-
bodies and dilutions were as follows: neurofilament 68 kDa
(Roche, 1:4), neuron-specific enolase (PharMingen, 1:100), tau
(PharMingen, 5 pg/ml), vimentin (Roche, 1:10), human nestin
(gift from Ron McKay, National Institutes of Health, 1:250),
galactocerebroside (Sigma, 1:500), 2',3'-cyclic nucleotide 3'-
phosphodiesterase (Sigma, 1:500), O4 (Roche, 10 pg/ml), and
SMI32 (Sternberger monoclonal, 1:5000). Antibodies reactive to
the astrocyte marker glial fibrillary acidic protein (GFAP) and
neuronal marker B tubulin type III were not included, as
conditions for their specific reactivity could not be established.
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Detection was carried out by secondary antibodies conjugated to
biotin, streptavidin-conjugated horseradish peroxidase, and
3-amino-9-ethylcarbazole chromagen (BioGenex). Telomerase
assays were performed by using a telomeric repeat amplification
protocol followed by ELISA detection of amplified products
(TeloTAGGG PCR ELISA PLUS, Roche).

mRNA Expression Profiles. RNA was prepared from cells growing
on 60-mm tissue culture plates by using the Qiagen miniprep kit.
RNA preparations were digested with RNase-free DNase
(Roche) for 30 min at 37°C, and then the digest was inactivated
at 75°C for 5 min. Synthesis of cDNA was performed on 5 ug of
RNA by using oligo (dT) primers and a standard Moloney
murine leukemia virus (LTI) reaction carried out at 42°C. Thirty
cycles of PCR were carried out in the presence of 1.5 mM MgCl,
with an annealing temperature of 55°C and incubation times of
30 s. PCR reactions were resolved on a 1.8% agarose gel. The
efficacy of all PCRs was established by using appropriate com-
mercially available human tissue RNA (CLONTECH). Some
gels were subject to Southern blot analysis by using oligonucle-
otide probes end-labeled with [3?P]ATP, hybridized in 6 X
SSC/5 X Denhardt’s solution/0.1% SDS/0.05% sodium pyro-
phosphate/100 wg/ml sheared and denatured salmon sperm
DNA at 45°C. cDNA synthesis and genomic DNA contamination
were monitored by primers specific to human phosphoglycerate
kinase-1, which give products of ~250 bp and ~500 bp when
amplifying cDNA and genomic DNA, respectively. Ethidium
bromide fluorescence of agarose gel resolved PCR amplimers,
and immunocytochemical reactivities were subjectively assigned
to one of four intensity categories: very strong, strong, detected,
and not detected. PCR primer and probe sequences appear in
Table 1, which is published as supplemental data on the PNAS
web site, www.pnas.org.

Tumor Formation. Three female 6-week-old SCID-NOD mice
were injected with 3 X 10 EBD cells (LVEC) or 2.5 X 10°to 1 X
10° mouse ES cells (ES D3) in the left and right calf muscles,
respectively. After 1 month, animals were killed and visually
examined for tumors. Injected calf muscles were dissected intact,
fixed in 4% phosphate-buffered paraformaldehyde overnight,
then processed and imbedded in paraffin. Sections stained with
hematoxylin and eosin were examined.

Results

Human pluripotent stem cell cultures derived from primordial
germ cells were isolated and cultured as described (12). During
routine growth, 1-5% of the multicellular EG colonies formed
large fluid-filled cystic EBs that were loosely attached to a
remaining EG colony or to the fibroblast feeder layer. Four
genetically distinct EG cultures (LV, SL, LU2, and SD) were
selected to represent the range of developmental stages at which
human EG cultures can be initiated (5-11 weeks postfertiliza-
tion). Karyotypically, two cultures were 46, XX (LV, SD), and
two were 46, XY (SL, LU2). Approximately 10 EBs were
removed from each EG culture and were dissociated in a mixture
of collagenase I and dispase I (Roche). EB constituent cells were
then replated in three (LV) or six (SL, LU2, SD) growth media
and biomatrix combinations in an effort to identify environments
that promoted vigorous cell proliferation with the possibility of
differential enrichment of outgrowth populations.

Two growth media were selected to investigate the effects of
serum and specific mitogens on the proliferation of these human
cells. RPMI 1640 supplemented with 15% FCS is a simple base
media that relies on serum to support cell proliferation.
EGM2MV(Clonetics) has a reduced serum content (5%) and
contains basic fibroblast growth factor, epidermal growth factor,
vascular epidermal growth factor, and insulin-like growth factor
I. Three cell attachment surfaces were used: tissue culture-
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Fig. 1. EBD cell proliferation rate and flow cytometric (fluorescence-
activated cell sorting) analyses. (A) 1 X 10* cells from EBD culture SL grown 6
daysin RPMI/15% serum (unshaded bars) or EGM2MV media (shaded bars) on
three plating surfaces then trypsinized and counted. Fluorescence-activated
cell sorting analyses of retroviral (B) and lentiviral (C) transduction efficiency
and EGFP expression level. Bars indicate levels above background.

treated plastic, bovine collagen I, and human extracellular matrix
extract. All six growth environments supported cell proliferation,
and the resultant cells were termed EBD cell cultures. Cell
proliferation studies carried out on several genetically distinct
EBD cultures indicated that EGM2MYV medium was superior to
RPMI 1640 medium (P < 0.001) and that extracellular matrix
and collagen I were superior to tissue culture plastic (P < 0.001).
The results from a proliferation study on culture SD is shown in
Fig. 14. Karyotypic analysis performed on each culture at
approximately 20 PD indicated that the cells had a normal
diploid chromosomal complement.

The ability of EBD cells to be stably transfected in the
EGM2MV/collagen I environment was examined by lipofection
of a neomycin resistance gene driven by the mouse phospho-
glucokinase I promoter. Stable integration efficiencies of ~1 X
107> were routinely obtained, and neomycin-resistant clonal
lines could be expanded to >1 X 10° cells. In an effort to improve
integration efficiency, retroviral and lentiviral transduction were
investigated. When cultures of LVEC were infected with equal
titers of either retrovirus or lentivirus carrying EGFP expression
vectors, the efficiencies were ~30% and ~98%, respectively, and
remained constant for >2 weeks (Fig. 1 B and C). The retrovi-
rally transduced LVEC culture was essentially 100% EGFP
positive after 2 weeks of drug selection and has remained so for
>30 PD.

In an effort to classify EBD cells by their expression charac-
teristics, we initially chose to look for the presence of neural
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Fig. 2. Immunocytochemical analysis of EBD culture LVEC. Antibody epitopes
are as follows: (A) nestin, (B) vimentin, (C) neurofilament lightisoform, (D) tau, (E)
neuron-specific enolase, (F) neurofilament heavy isoform, (G) CNPase, (H) galac-
tocerebroside, and (/) O4 antigen, no immunoreactivity. (Bars represent 10 um)

progenitor and neuronal and glial markers. Neural progenitors
are capable of generating both neurons and glia and are known
to express the intermediate filament proteins nestin (14) and
vimentin (15-17). Additionally, we used several neuronal and
glial markers in our survey, including neuronal markers neuro-
filament light isoform, tau, neurofilament heavy isoform
(SMI32), and neuron-specific enolase; and glial markers 2',3'-
cyclic nucleotide 3’-phosphodiesterase (CNPase), galactocere-
broside, and O4 antigen.

As evident in Fig. 2, cells of the EBD culture LVEC were
strongly immunoreactive to the nestin- and vimentin-specific
antibodies (>95% cells positive). Cells were less strongly and/or
less consistently immunoreactive (10-50% cells positive) to
neurofilament light isoform-, tau-, neuron-specific enolase-,
SMI32-, CNPase-, and galactocerebroside-specific antibodies.
No cells immunoreactive for the O4 antigen were detected.

To confirm some of the antibody staining results, and to
expand the range of markers examined, a 24-gene reverse
transcriptase-PCR expression profile was carried out on the
LVEC culture and other EBD cultures. Markers were chosen to
indicate expression profiles of four cell lineages known to be
present in human EBs: neural, muscle, vascular/hematopoietic,
and endoderm (12). In this study, vascular and hematopoietic
cells were grouped because they share the markers used. Addi-
tionally, the nine antibodies used in Fig. 2 were used, confirming
the expression status of four PCR reactions, and extending the
analysis to antigens not readily amenable to PCR. Expression of
markers not verified by antibody staining was confirmed by
Southern blot hybridization of PCR products to specific internal
oligonucleotide probes (data not shown). When possible, several
markers of a lineage or cell type were used. As seen in Fig. 3, the
neural lineage markers were the most strongly and consistently
expressed. Neural progenitor markers nestin and vimentin and
astrocyte marker glial fibrillary acidic protein (GFAP) were
expressed in all cultures. The neuronal markers neurofilament
light isoform, microtubule associated protein 2C, tau, nonphos-
phorylated neurofilament heavy isoform (SMI32), neuron-
specific enolase, and tyrosine hydroxylase were weakly expressed
in many of the cultures, with occasionally stronger expression of

PNAS | January 2,2001 | vol.98 | no.1 | 115

CELL BIOLOGY



Neural Muscle Vasc/Hem Endoderm
M S M A GHH
N SS A M TG G MMMM ML CFC ANN A
EVOO NPTINY FCA YYYY HCDL1 ATFF LLA
SIXX F2A3SRANLOFFOOC2 3K3 FA34 DPL
TM12 LCU2EHPPC4 56DG oV 413 P4 a BKB
PCRe e o e o e e e e o060 00 000 00 cCe 000
Antibody e e [ ] o0 L N ] L[]

LV MR OO0 [0 EEMC] ] OO0 EEC [1[[] EC
EECC OOO000 om0 0000 00 oo 00 RE
o o S0 RE

sL EE00 DOO0O00 BEE0 OEO0 00 OB0 0000 oo ec
BRI O0O38E EENRC] OEC0 OO0 OO0 EE ] EE
EECC OODoO0 DOm0 000 00 080 800 000 e
EECC] OO0 OEmC OO00 OO0 O0m | [1C1C] RC
[ | [ EEEC O0O00 OO0 O0B & 1] RE
BRI OO HEOO O0BCOO OO OO0 MO (1100 RP

L2 ERO0 000000 EER0 0000 OO0 O0EE B000 000 e
BRI CICOEE ECOEC O [ ] L] (1] CI C1CJC] EE
EECC] OOB0O0O0 EBO000 0000 OO0 O30 OE 1] EP
EECC 00 O @Om0 0000 00 OOE B0 CICic Re
Bl OO0 | OO O0O00 OO0 OO0 OO [ 111 RE
| | (mmy.. | B (100 OO0 O00s = i RP
sSD EROC O00808 CERCO 0000 OF OEC EMO00 OOC EC
HECC] OO COE CICOMC (100 O D] EECIC] O EE
EEO0 000000 B0E0 0000 04 080 BEE0 OO EP
EECO OO000E G080 0000 08 OO0 MO0 OO Re
| | |mm HEN (H (. [ ][] LI [] BE [ ][] RE
BRI OO 00O EO0O0O 10T 1 BEE RP

Fig. 3.

Expression profiles of four EBD cultures. Markers and lineages are listed above and are grouped by lineage affiliation. Assay type is indicated by @ for

PCR, antibody, or both. Culture identity is indicated at left, growth environment on right, as follows: E, EGM2MV media; R, RPMI/15% serum media; C, collagen
I-coated surface; E, human extracellular matrix-coated surface; P, tissue culture-treated plastic surface. Expression levels are indicated as follows: m, very strong;

M, strong; [, detected; OJ, not detected.

tau and SMI32 when cultures SL and LU2 were grown in
EGM2MV media on human extracellular matrix or on tissue
culture plastic. CNPase and galactocerebroside are specifically
expressed in oligodendrocytes and Schwann cells (18, 19). Both
markers were strongly expressed in most of the EBD cultures. No
expression of SOX1, SOX2, or O4 was detected.

In general, the muscle markers were most weakly and spo-
radically expressed. Expression of the muscle-specific develop-
mental genes myf5, myogenin, and myoD or myosin heavy chain
« was not detected. However, expression of myf6 was detected
in cultures SL and LV, and expression of myosin light-chain 2
ventricular isoform was detected in some cultures.

The vascular/hematopoietic stem cell marker CD34 was ex-
pressed most strongly by culture LVEC but was detectable in
culture LU2. FIk1 (vascular epidermal growth factor receptor-2)
was expressed by all four cultures, with strongest expression by
cells growing in EGM2MV media. AC133 (CD133) is a cell
surface marker of vascular/hematopoietic stem and progenitor
cells (20, 21) that is also expressed in some human epithelial cells
(22). Expression of AC133 in EBD cell cultures was restricted to
SL and LU2, with the strongest expression in SL growing in
RPMI media on collagen I (SLRC).

The endoderm marker a-1-fetoprotein was expressed in all
instances. GATA4, which is expressed in endoderm and heart
(23), was also expressed in most of the cultures. Hepatic nuclear
factor 3B is expressed in many endodermal derivatives such as
liver (24) and is an essential early factor in pancreatic develop-
ment (25). Hepatic nuclear factor 38 expression was only
detected when EGM2MYV media was used, and then only in two
cultures. Hepatic nuclear factor 4a expression is regulated by
hepatic nuclear factor 33 (26) and was only detected in one
instance, coincident with the strongest expression of hepatic
nuclear factor 38. No expression of the liver-specific markers
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aldolase B, liver pyruvate kinase, or albumin was detected in any
of the cultures.

Simultaneous expression of markers from several different
lineages, as they have been commonly defined, can be due to
multiple cell types within the culture or result from cells capable
of multilineage expression. To resolve this issue in these human
cell cultures, mRNA expression profiles were carried out on 13
clonal lines isolated from the LVEC culture. As seen in Fig. 4,
nestin and vimentin expression was retained in all of the LVEC
clonal lines, consistent with the uniform immunocytochemical
staining of the LVEC culture for these markers. Expression of
the other markers varied substantially. In 11 of 13 lines, nRNA
expression of markers from all four lineages was detected.
Although the mixed culture expression should be the sum
representative of the individual clones, variation during clone
isolation and enrichment for certain mRNAs allow for clonal
lines that express mRNA not detected in the mixed culture. For
example, the muscle marker myf6 is detected in LV-1, -2, and -13
but not in the low passage LVEC mixed culture. In general, the
cloning efficiency of LVEC cells was ~29% (173 colonies/600
cells plated). In the isolation of these LV clones, 69% (27 of 39)
of the isolated colonies were capable of expansion to >10° cells.

The possibilities of culture expression drift and variability due
to assay artifacts was further examined by comparison of the
mRNA expression of low-passage LVEC culture and one that
had undergone ~70 PD in 16 passages. Little difference was
observed in the marker expression levels except for the apparent
accentuation of some markers, including myf6, in the later
passage cells (Fig. 4). In this case, when signal levels were
normalized against the expression of nestin or a phosphoglyc-
erate kinase-1 control, no obvious differences were apparent
(data not shown). The change in expression levels of markers not
expressed in the LVEC culture were not determined; however,
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decreased immunoreactivity to AC133 has been noted following
continuous passage of culture SLRC.

To determine the proliferative capacity of EBD cultures,
LVEC, SLEC, LU2EC, and SDEC were continuously passaged.
After approximately 70-80 PD, these cultures failed to divide.
Continuous passage of cultures in environments less favorable to
proliferation has not been carried out; however, most EBD
cultures are capable of at least 40 PD. To determine whether the
proliferation of EBD cultures may be limited by the absence of
telomerase, telomeric repeat amplification protocol assays were
performed on LVEC and SDEC cultures that had undergone
approximately 20 PD after EBD cell establishment. No telom-
erase activity was detected in either culture (data not shown),
consistent with the hypothesis that in cells that have not been
transformed, cell division in the absence of telomerase activity
leads to cellular senescence.

The ability of EBD cells to proliferate in vivo was examined by
injection of 3 X 10° LVEC cells into the calf muscle of 3
immunocompromised mice. No tumors were detected 2 months
postinjection, whereas large teratocarcinomas formed when an
equal number of, or as little as 2.5 X 103, mouse ES cells were
injected similarly.

Discussion

The promise of hPSCs as a resource to study cellular aspects of
developmental processes and as a source of cells for transplan-
tation therapies lies in their ability to differentiate into a wide
variety of cell types. The cell cultures and clonal cell lines
described in this report were derived from EBs formed in human
PSC cultures established from primordial germ cells. These cell
cultures and lines are capable of robust and extensive prolifer-
ation and express a wide range of markers normally associated
with a number of different cell lineages. Unlike mouse cells,
many karyotypically normal human cell types are capable of
long-term proliferation in vitro, possibly reflecting inherent
species differences in senescence (27). The in vitro proliferative
capacity of EBD cells allows for routine genetic and epigenetic
manipulation as well as clonal isolation. Furthermore, extended
proliferation in an environment nonpermissive for EG cells also
reduces the possibility of stem cell contamination.

The formation of EBs and the proliferation characteristics of
EBD cells from the EG cultures contrast with a reported effort
to isolate differentiated cells from human ES cultures. In one
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report, differentiation of ES cultures did not result in recogniz-
able EBs, and the constituent cells of the aggregates that did
form, did not proliferate extensively (28). More recently, trypsin-
dissociated EB cells formed from human ES cultures were plated
onto gelatin-coated plastic dishes, but the proliferative capacity
of the resultant cells was not evident, as they were assayed after
10 days, and no evidence of PD was presented (29). The
significant difference in proliferative capacity between the EBD
cells and reported differentiated cells derived from human ES
cultures may be due to some aspect of EG growth or EBD
isolation protocols, or to inherent differences between pluripo-
tent stem cell types. Irrespective of cause, the capacity of the
EBD cells to divide extensively in vitro has important implica-
tions for the study, manipulation, and therapeutic use of these
cells.

The growth environments we studied had a significant effect
on the proliferation of EBD cells but did not predictably
influence their gene expression profiles. This was not unex-
pected, as EBs are heterogeneous with respect to cell type
content and the environments were designed to be generally
supportive rather than specifically tailored to a particular cell
type. This was substantiated by differences in EBD expression
profiles when multiple cultures were initiated in parallel or
serially from one EG culture (data not shown). The strongest and
most consistent antibody and PCR markers were markers asso-
ciated with neural lineages. A neural identity of cells derived
from hPSCs is not surprising, as neural cells can be routinely
obtained from mouse ES, EG, and embryonal carcinoma cul-
tures as well as human embryonal carcinoma cultures (30).
However, EBD cell cultures and clonal lines cannot be viewed
simply as neural progenitors, as they simultaneously express
markers from multiple, distinct cell lineages. Multilineage gene
expression has been reported in other precursor or progenitor
cell populations but not with such a broad range. Neural
progenitors simultaneously express neuronal and glial markers
(16, 17), and multipotent hematopoietic progenitors simulta-
neously express a variety of lineage-affiliated transcription fac-
tors and cytokine receptors (31). The breadth of expression
exhibited by EBD cultures and clonal lines may be unique to
these cells or an outcome of the experimental culture design. The
multilineage expression exhibited by EBD cells may represent
the basis for the developmental plasticity observed after the
differentiation of bone marrow (32) and central nervous system
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stem cells (33). In this model, multilineage gene expression by
precursor or progenitor cells defines a ground state from which
cell-extrinsic and cell-intrinsic signals work to continuously
define a differentiated expression pattern and phenotype (34). In
this regard, it would be useful to similarly assay the gene
expression profiles of other stem, precursor, or progenitor cell
populations.

The human cells described here have several properties that
suggest their usefulness as models of human cell differentiation
and in transplantation therapies. These include robust and
long-term proliferation with a normal karyotype; ability to be
cryopreserved, cloned, and genetically manipulated; and a de-
velopmentally broad multilineage expression profile. In vitro and
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in vivo animal model experiments are currently underway to
evaluate the efficacy of EBD cells, with or without further
differentiation, in the treatment of Parkinson’s disease, amyo-
trophic lateral sclerosis (ALS), stroke, spinal cord injury, and
diabetes. For PSCs to be of practical use, methods to generate
large numbers of homogeneous cell types must be developed.
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